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Abstract
We consider the B-ball cosmology of the MSSM in the context of D-term infla-
tion models where the reheating temperature is determined by the Affleck-Dine
mechanism to be of the order of 1 GeV. We show that such a low reheating tem-
perature can arise quite naturally as the result of a symmetry which is required
to maintain the flatness of the inflaton potential. In this case the B-balls will
decay well after the freeze-out temperature of the LSP, allowing baryons and
cold dark matter to originate primarily from B-ball decays.
1enqvist@pcu.helsinki.fi; 2mcdonald@rock.helsinki.fi
The MSSM [1] is known to admit non-topological solitons in its spectrum [2]; in
particular, B-balls (Q-balls [3, 4] with baryonic charge) can exist. In a cosmological
scenario which includes inflation these can be copiously produced by the breakdown
of scalar condensates along flat directions of the MSSM. In the case of gauge-mediated
SUSY breaking, extensively discussed in references [5-10], the B-balls are stable and
could account for cold dark matter [6]. In the case of gravity-mediated breaking,
studied in [11, 12], the B-balls are unstable1 but nevertheless, if they can survive ther-
malization, they are typically long-lived enough to decay much after the electroweak
phase transition, leading to a variant of the Affleck-Dine mechanism [14] which we
call B-ball Baryogenesis (BBB) [11, 12]. The requirement that they can survive ther-
malization implies that the B-balls in R-parity conserving models originate from a
d=6 AD condensate and imposes an upper bound on the reheating temperature of
103−5 GeV [11, 12]. Such B-balls can protect a B asymmetry originating in the AD
condensate from the effects of additional B-L violating interactions, which would oth-
erwise wash out the B asymmetry when combined with anomalous B+L violation [11].
In addition, if the reheating temperature is sufficiently low that the B-balls decay be-
low the freeze-out temperature of the lightest SUSY particle (LSP), then cold dark
matter can mostly come from B-ball decays rather than from thermal relics. This
opens up the possibility of relating the number density of dark matter particles to
that of the baryons, allowing for an explaination of their observed similarity for the
case of dark matter particles with weak scale masses [12]. Since BBB requires low re-
heating temperatures, it is important to consider whether low reheating temperatures
are a natural feature of realistic SUSY inflation models. We will show that in D-term
inflation models [15, 16] very low reheating temperatures are indeed a natural feature.
In general, SUSY inflation models can be classified as either F- or D-term inflation
models, depending on whether the energy density during inflation comes from the F-
1Depending on the details of the hidden sector and its interaction with the observable
sector, it is conceivable that SUSY breaking could be suppressed for large values of the
condensate field, leading to stable B-balls in the case of gravity-mediated SUSY breaking
[13].
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or D-term contribution to the scalar potential. However, in F-term inflation models,
H dependent corrections to the mass terms tend to spoil the flatness of the inflaton
potential [17, 18]. As a result, the most favoured candidate for SUSY inflation at
present is D-term inflation, which has the form of a hybrid inflation scenario [19,
20]. An important feature of D-term inflation models is that the A-terms receive
no H dependent corrections [15, 16] (although the mass squared terms do receive
corrections once inflation ends [16]). This has the important consequence that the
baryon asymmetry from the d=6 AD condensate will be maximal in a typical domain
of the Universe, which in turn requires that the reheating temperature is of the order
of 1 GeV. The main purpose of this paper is to consider whether such low reheating
temperatures can be a natural feature of realistic D-term inflation models, thus making
them compatible with BBB and the AD mechanism along d=6 directions.
The simplest D-term inflation model [15, 16] is based on three fields: a gauge
singlet S, which plays the role of the slow-rolling inflaton, and two fields with opposite
U(1)FI charges, ψ+ and ψ−, where U(1)FI is the Fayet-Iliopoulos (FI) gauge group.
The superpotential is given by
W = λSψ+ψ− . (1)
The scalar potential, including the U(1)FI D-term, is then
V = |λ|2
(
|ψ+ψ−|2 + |Sψ+|2 + |Sψ−|2
)
+
g2
2
(
|ψ+|2 − |ψ−|2 + ξ2
)2
, (2)
where ξ2 is the FI term and g is the U(1)FI coupling. ξ is fixed by cosmic microwave
background radiation (CMBR) measurements [21] to be 6.6×1015 GeV [22]. The global
minimum of the potential is at S = 0, ψ+ = 0, ψ− = ξ. However, for S > Scrit ≡ gξ/λ,
the minimum is at ψ+ = ψ− = 0 and there is a non-zero energy density ρ = g
2ξ4/2.
Although there are no tree-level corrections to the flatness of the S potential due to
SUSY breaking by the energy density during inflation, there will be an S potential
coming from 1-loop corrections and from higher order terms in M−1
∗
in the Ka¨hler
potential, where M∗ = MP l/
√
8π is the supergravity mass scale [1]. The 1-loop term,
due to the splitting in mass of the bosonic components of ψ± from their fermionic
partners, is given by ∆V = α2ξ4ln(|λS|/µ) [15, 16].
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In this model, slow-rolling of the S scalar fails well before Scrit, at Sf ≈
√
αM2
∗
/2π.
In order to account for the observed homogeneity and isotropy of the Universe, the
slow-roll of S must begin at least at S55, where
S55 =
(
55αM∗
π
+ S2f
)1/2
≈ 0.9M∗ . (3)
For such large values of S, it is likely that higher order superpotential terms will
cause the S scalar potential to deviate from flatness. For example, a term of the form
∆W = κSm/Mm−3
∗
with S ≈ M∗ produces too large a deviation from the observed
CMBR unless κ <
∼
10−5. Since we would expect the natural mass scale of the physical
interactions coming from this superpotential term to beM∗, the natural value of κ will
be of the order of 1/m!. Thus in order to have a naturally flat potential during inflation,
all superpotential terms with m ≤ 9 must be suppressed by discrete symmetries or R-
symmetries [16]. R-symmetries are particularly effective in doing this, since they can
completely eliminate higher order superpotential terms which are purely a function
of S as well dangerous gauge kinetic terms of the form SkW αWα [16, 23]. (There is
a danger that a global symmetry could be broken by non-perturbative gravitational
effects [24, 25], in which case a discrete gauge symmetry would be preferred. However,
such effects are very sensitive to the details of the gravity theory on small scales, and do
not generally exclude models with global symmetries [26]). Depending on the charge
of S and the MSSM fields with respect to the R-symmetry or discrete symmetry, this
suppression of higher order operators may also suppress the couplings of S to the
MSSM sector. This, as we will show, can lead to very low reheating temperatures
after the S oscillations decay.
In D-term inflation models there are two seperate periods of reheating, correspond-
ing to the decay of the ψ− field (at temperature T
ψ
R ) and of the inflaton S [16]. The
initial values of the scalar field expectation values at the end of inflation are given
by ψ
′
−
≡ (ξ − ψ−) = ξ and S ≈ Scrit ≡ gξ/λ. The masses of the scalars ψ′−, ψ+
and S are Mψ′
−
= gξ and MS = Mψ+ = λξ. Thus the initial energy density in the
oscillating ψ
′
−
and S fields will be essentially the same, ρS ≈ ρψ′
−
≈ g2ξ4. This has
the consequence that the Universe will be matter dominated by scalar field oscillations
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until both condensates have decayed. The immediate ψ
′
−
decay leaves the Universe at
a temperature T ψR ≈ g1/2ξ. The Universe is subsequently matter dominated, but with
an initial radiation density much larger than that expected purely from the decays of
the inflaton S 2. Eventually, at a temperature T∗, the radiation coming from the decay
of the S inflatons, which has an energy density given by
ρr ≈ 2ΓSρS
5H
, (4)
where ΓS is the S decay rate, comes to dominate that remaining from the first stage
of reheating, so that the subsequent evolution is the same as for the minimal single
inflaton model of Refs.[11, 12]. The expansion rate at T∗, H∗, is given by
H∗ ≈ 2× 10−3
(
T ψR
1016 GeV
)4/5 (
T SR
102 GeV
)6/5
GeV . (5)
B-balls typically begin to form at Hi ≈ 5|K| GeV, where |K| is the coefficient of
the logarithmic radiative correction to the B-ball scalar potential; typically |K| ≈
0.01 − 0.1 [11, 12]. Thus H∗ is typically smaller than Hi, especially for the case of
small T SR . This means that the temperature of the Universe when the AD condensate
forms (at H ≈ 100 GeV [11, 12]) and when the B-balls begin to form at Hi will be
somewhat higher than in the single inflaton model. However, there is no danger of
the B-balls being thermalized so long as the AD condensate from which they form is
not itself thermalized. This is because the background of non-relativistic squarks and
anti-squarks which exists after the AD condensate collapses to B-balls will give large
effective masses (≫ T ) to the particles which could otherwise thermalize the B-balls
[12]. Therefore the formation and evolution of the B-balls in the D-term inflation
scenario will be effectively the same as in the minimal single inflaton model.
We next consider the decay of the S scalar oscillations. As noted above, the self-
couplings of S in the superpotential must be highly suppressed by a symmetry in order
2The S condensate could be thermalized by this radiation density, via scattering with
light MSSM scalars once the U(1)FI gauge fields are integrated out [16]. However, thanks
to the strong dependence of the scattering rate on λ (Γscatt ∝ λ4), this will not occur so long
as λ <∼ 0.5.
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to ensure that the scalar potential is flat enough for successful inflation. This in turn
can suppress the couplings of S to MSSM fields. Suppose that the lowest dimension
superpotential coupling of the S scalars to the MSSM fields is of the form
W =
κSφr
M r−2
∗
, (6)
where φ represents the MSSM fields. This gives, for example, a decay rate to r φ
particles of the form
ΓS ≈
(
MS
M∗
)2(r−2)
κ2βrMS , (7)
where βr represents the phase space factor. The decay temperature is then
T SR ≈
(√
8π
kT
)1/2 (
MS
M∗
)r−5/2
κβ1/2r MS , (8)
where during radiation domination H = kTT
2/MP l with kT ≈ 17. With MS = λξ this
gives
T SR ≈ 4× 1015(2.8× 10−3)r−5/2κλr−3/2β1/2r . (9)
Low reheating temperatures can arise as a result of a ”mismatch” between the trans-
formation properties of the fields of the inflaton sector (S, ψ+ and ψ−) and the MSSM
sector under the symmetry. As a particularly simple example, consider an R-symmetry
under which the inflaton sector fields have charges which are multiples of 1/2 and the
MSSM sector have charges which are multiples of 1/3. An example which allows the
λSψ+ψ− superpotential term (allowed terms have a total R-charge equal to 2 [1])
but eliminates the higher order S superpotential terms is defined by R(S) = −n,
R(ψ+) = R(ψ−) = (n + 2)/2 for the inflaton sector fields and R(Q) = R(L) = 5/3,
R(uc) = R(dc) = R(ec) = 1/3 and R(Hu) = R(Hd) = 0 for the MSSM fields. (The
MSSM charges have been chosen in order to allow the higher order terms which stabi-
lize the d=6 ucdcdc D-flat direction). In Table 1 we give the lowest order R-invariant
operators coupling S to the MSSM fields for the case where n is an positive integer
with n ≤ 3. (For n > 3 the operators are of higher order).
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Table 1. R-invariant operators.
n r φr
1 6 (LHu)(u
cucdcec)
2 4 QQucdc
3 6 (LHu)
3
For example, with n = 1 the lowest order superpotential coupling of S to the MSSM
fields has r = 6. This gives a reheating temperature
T SR ≈ 150
(
λ
0.1
)9/2
κβ
1/2
6 GeV , (10)
where β6 ≈ 10−6. Thus a low reheating temperature, as low as 1 GeV or less, is a
natural feature of this model.
In general, we should also consider corrections to the Ka¨hler potential and the
gauge kinetic term which define the full supergravity theory [1]. It is straightforward
to show that these non-minimal corrections do not introduce any operators linear in S
of lower order inM−1
∗
. It is also possible that such non-minimal corrections could allow
for rapid decay via parametric resonance [27, 28]. However, it is straightforward to
show [28] that the resulting resonant decay of the inflaton will be completely negligible
so long as λ/g1/2 >
∼
0.03. For values of λ and g not too small compared with 1 this
condition will be easily satisfied.
We next consider the need for low reheating temperatures in d=6 AD baryogenesis.
The MSSM has many D-flat directions in the scalar potential, along which the flatness
is lifted only by SUSY breaking terms and non-renormalizible superpotential terms
[29]. The potential of the complex AD scalar Φ will have the form
U(Φ) ≈ (m2− cH2)
(
1 +K log
( |Φ|2
M2
))
|Φ|2+ λ
2|Φ|2(d−1)
M
2(d−3)
∗
+
(
AλλΦ
d
dMd−3
∗
+ h.c.
)
, (11)
where d is the dimension of the non-renormalizible term in the superpotential and
cH2 gives the H correction to the scalar mass (with c positive and of the order of
1). The logarithmic correction to the scalar mass term, which is expected in SUSY
models, is crucial for the growth of perturbations of the AD field and the formation
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of B-balls, which occurs if K < 0. Of particular interest to us here will be the
ucdcdc direction, for which K < 0 and along which a d=6 superpotential term of the
form (ucdcdc)2 is allowed by the R-symmetry of the previously discussed model. This
superpotential term (via the associated A-term in the scalar potential) is responsible
for introducing the B- and CP-violation necessary to produce the baryon asymmetry
via the AD mechanism [14]. At cH2 > m2, the scalar field will be at the minimum of its
potential, with an expectation value given by |Φ| ≡ Φo ≈ (cH2M6∗ /5λ2)1/8. However,
in the absence of order H corrections to the A-term, the phase of Φ will be completely
undetermined. Once cH2 <
∼
m2, the AD field will start to oscillate. The A-term then
creates a phase shift δ of the order of 1 between the real and imaginary parts of the
oscillating AD field. With initially Φ = Φoe
iδCP , where δCP is the random initial
phase determined during inflation, the initial B asymmetry in the AD condensate at
Ho ≈ m/c1/2 is given by nB o = ǫmΦ2o/3, where ǫ = Sin2δCPSinδ. This gives for the
baryon to entropy ratio of the d=6 AD condensate,
ηB ≡ nB
s
=
2πnB oT
S
R
H2oM
2
p
≈ 0.03c
(
0.008
λ
)1/2 (100 GeV
m
)1/2 ( T SR
109 GeV
)
, (12)
where we have assumed that λ ≈ 1/5!, such that the strength of the physical self-
interactions of Φ is determined by the mass scale M∗, and we have taken δ ≈ δCP ≈ 1.
The corresponding reheating temperature for the d=6 AD condensate is
T SR ≈
3.3
c
(
λ
0.008
)1/2 (
m
100 GeV
)1/2 ( ηB
10−10
)
GeV . (13)
Nucleosynthesis [30] implies that ηB ≈ (3 − 8) × 10−11 for an Ω = 1 Universe. Thus,
for δCP ≈ 1, we find that T SR ≈ 1/c GeV, which can reasonably take values in the
range 0.1GeV to 10GeV, depending on c, with an ”average” value of around 1 GeV.
This is consistent with the range of values attainable in R-symmetric D-term inflation
models.
A fraction of the total B asymmetry, fB, expected to be not very small compared
with 1 [12], ends up in the form B-balls once the AD condensate collapses to a mixture
of B-balls and non-relativistic squarks at H ≈ Hi. The B-balls have very large charges,
B ≈ 1023fB(1 GeV/T SR), and, for T SR ≈ 1 GeV, decay at a temperature Td in the range
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1 MeV to 1 GeV [12]. In this case the B-balls will decay below the LSP freeze-out
temperature, Tf ≈ mχ/20, where mχ is the LSP neutralino mass [31], and the LSP
density is likely to be dominated by LSPs coming from B-ball decays [12]. This is
particularly true in the present model in which there is a low reheating temperature,
since, if T SR < Tf , the thermal relic LSP density will be strongly suppressed (by
an additional factor (T SR/Tf)
5) by the period of matter domination between Tf and
T SR . The domination of the LSP density by B-ball decays is, in itself, an important
consequence of B-balls, requiring a new analysis of dark matter constraints on the
MSSM [32]. It also makes it possible to account for the similarity of the number
densities of baryons and LSPs, since, if fB is not very small compared with 1, the
number density of LSPs from B-ball decays will be naturally similar to that of baryons
[12].
Thus, assuming nothing more than a low energy sector consisting of the MSSM
fields together with a period of primordial D-term inflation, we can, in principle, nat-
urally account for all the main observation of cosmology; the baryon asymmetry (via
the Affleck-Dine condensate), cold dark matter and the baryon to dark matter number
ratio (LSP neutralinos from B-ball decays) and the homogeneity of the Universe to-
gether with the CMBR temperature fluctuations (D-term inflation). This provides us
with an economical and effective model for SUSY cosmology. The resulting scenario
radically departs from the conventional radiation dominated view of SUSY cosmology
at low temperatures, with the electroweak phase transition playing no significant role
in baryogenesis and late decaying B-balls opening up new possibilities for SUSY dark
matter.
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